Airborne measurements of atmospheric transmission and path radiance in the 8 -14 pm band were obtained by applying a profile calibration technique to infrared line scanner data.
Introduction
Analysis of long wave (thermal) infrared images obtained from aircraft and satellites is often seriously impaired by atmospheric degradation. The effect of the atmosphere is to reduce image contrast and to preclude quantitative image analysis, unless the atmospheric effects are properly accounted for.
Approaches for computation of atmospheric affects can be divided into two general categories.
The first category involves atmospheric propagation models.
These models draw on estimates of the atmospheres composition to compute values such as atmospheric transmission and path radiance.
The second category consists of more empirical approaches that involve methods for measurements of the same parameters as the propagation models.
These two approaches typically yield results of the same form.
However, the few studies that have compared actual estimates for the same atmospheres indicate that significant differences in the computed parameters can exist. Schott (1979) has demonstrated that the empirical technique he tested can be used to process out atmospheric effects yielding very accurate surface values.
Schott's method employing aircraft images at multiple altitudes does not lend itself to satellite studies or to aircraft studies of denied access targets.
Less proven empirical methods suggested by Schott et al.(1983) offer some potential for resolving this problem but still require multiple imaging of the target from the observation altitude.
Again this is impractical for certain sensing systems (particularly current space based systems).
The present study is designed to consider the form of the relationship between some of the empirical approaches and the LOWTRAN5A atmospheric model.
The propagation models offer considerable diversities and utilize input data which are often readily available from atmospheric soundings at major airports.
However, the extent of their capabilities to account for atmospheric effects so that accurate surface temperatures can be computed is ill defined.
Therefore, using the multi -altitude empirical method tested by Schott (1979) as a reference, we will look at the current capabilities of the LOWTRAN model. We will also briefly consider the multi -view angle approach of Schott et. al.(1983) . 45 Comparison of modelled and empirical atmospheric propagation data John R. Schott Airborne measurements of atmospheric transmission and path radiance in the 8-14 y m band were obtained by applying a profile calibration technique to infrared line scanner data.
The profile technique involves collecting quantitative thermal infrared images over the same target areas at different altitudes.
Calibration of these images to account for atmospheric effects has been demonstrated to yield computed surface temperatures within 0.4°C of concurrent kinetic temperature readings.
Radiometric propagation models, calibrated with radiosonde data, were also used to generate transmission and path radiance values corresponding to the empirical measurements. This paper contains the results of a comparative analysis of these approaches. Some limitations of the radiometric propagation models are presented.
The problems of applying atmospheric propagation models for precise quantitative analysis of satellite, images are discussed.
An empirical method for precise calibration of single channel satellite infrared imaging systems requiring underflight data is demonstrated and airborne test results are presented.
In addition, the potential for a precise calibration approach not requiring underflight data is suggested .
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However, the few studies that have compared actual estimates for the same atmospheres indicate that significant differences in the computed parameters can exist. Schott (1979) has demonstrated that the empiri c a 1 technique he tested can be used to process out atmospheric effects yielding very accurate surface values.
I, ess proven empirical methods suggested by Schott et al.(1983) offer some potential for resolving this problem but still require multiple imaging of the target from the observation altitude.
The present stud}/ is designed to consider the form of the relationship between some of the empirical approaches and the LOWTRAN5A atmospheric model.
Therefore, using the multi-altitude empirical method tested by Schott (1979) as a reference, we will look at the current capabilities of the LOWTRAN model. We will also briefly consider the multi-view angle approach of Schott et. al.(1983) .
Technical Discussion
Referring to figure 1, we can describe the radiance reaching an airborne or satellite sensing system as:
where; L(h,0) is the radiance observed at the sensor located at altitude h and looking at an angle 0 from the normal E(0) is the angular emissivity of the surface observed. T(h,0) is the atmospheric transmission to the sensor.
1, is the radiance from a blackbody at a temperature T equal to the temperature of the object observed. r(0) is the reflectivity of the surface observed.
L is the down welled radiance from the skydome into the sensor.
L (h,0) is the up welled (path) radiance reaching the sensor from the atmosphere between the surface and the sensor.
In the case of a sensor responsive over a particular wavelength region the terms in equation 1 must be intergrated over the appropriate spectral bend pass.
In this case, for example: 
We will assume that all of the terms in equation 1 are defined over the spectral band pass of the sensor.
We will concentrate on the terms T and Lu of equation (1) since the LOWTRAN computer code ) is specifically designed to calculate these terms. For the studies described here local radiosonde data were used to help define the atmosphere modeled by LOWTRAN.
Atmospheric transmission (T) and path radiance (Ln) were then computed for various observation paths for which empirical data existed. Table   1 contains an example of the input data used to operate the LOWTRAN code for one of the data sets studied.
The empirical data were collected using an airborne infrared line scanner. The scanner was filtered to limit the spectral band pass to 8 -14pm. The use of an internal blackbody calibration system permits measurement of the observed radiance from the image records.
This process is illustrated in figure 2. This permits direct measurement of the value L(h,0) in equation 1, from thermal images. Schott (1979) has described an empirical procedure that uses radiance values observed at multiple altitudes over the same target to compute values of T and LU.
For convenience, vertical viewing is assumed reducing equation 1 to:
where;
L,(h,O) is the radiance observed vertically at altitude h for target i. Tth,O) is the vertical transmission from the earth to the sensor. Technical Discussion
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where; L(h,0) is the radiance observed at the sensor located at altitude h and looking at an angle 0 from the normal e(0) is the angular emissivity of the surface observed. T(h,0) is the atmospheric transmission to the sensor. I, is the radiance from a blackbody at a temperature T equal to the temperature of the object observed.
r (0) is the reflectivity of the surface observed. L is the down welled radiance from the skydome into the sensor. L (h,0) is the up welled (path) radiance reaching the sensor from the atmosphere between the surface and the sensor.
In this case, for example:
is the integral of the Planck equation, where; X is wavelength (meters) h is Planck constant:(6.624 X 10~ J sec) c is the speed of light (3 X 10 m/sec) k is the Boltzmann gas constant T is the temperature of the surface (K) and \ & \ 9 define the bandpass of interest.
We will assume that all of the terms iri equation 1 are defined over the spectral band pass of the sensor.
We will concentrate on the terms T and L of equation (1) since the LOWTRAN computer code ) is specifically designed to calculate these terms.
The value of L can also be obtained by repetitive solutions of LOWTRAN and numerical integration.
For the studies described here local radiosonde data were used to help define the atmosphere modeled by LOWTRAN.
Atmospheric transmission ( T ) and path radiance (L ) were then computed for various observation paths for which empirical data existed. Table  1 contains an example of the input data used to operate the LOWTRAN code for one of the data sets studied.
The empirical data were collected using an airborne infrared line scanner. The scanner was filtered to limit the spectral band pass to 8-14ym.
The use of an internal blackbody calibration system permits measurement of the observed radiance from the image records.
This process is illustrated in figure 2 . This permits direct measurement of the value L(h,0) in equation 1, from thermal images. Schott (1979) has described an empirical procedure that uses radiance values observed at multiple altitudes over the same target to compute values of T and L .
where; L.(h,0) is the radiance observed vertically at altitude h for target i. By observing an object's radiance at each of several altitudes, a plot of radiance vs altitude can be generated as shown in figure 3 .
VOLTS EXPOSURE DENSITY
The value of L.(0,0) can be found by extrapolating from the plot of figure 3 to zero altitude.
By repeating this procedure for objects of differing radiance, it is possible to establish a data set consisting of radiance observed at the sensor altitude L(h,0) and radiance at the surface L(0,0).
Linear regression of L,(0,0) on L,(h,0) yields a slope equal to the atmospheric transmission over the bánd pass sensed and an intercept equal to the path radiance LU(h,0).
The radiance from the surface for any view angle can then be computed since It is also possible to compute the value of LDD if an object such as water whose angular emissivity is known viewed at two angles.
if this same object is viewed at two distinct angles then equation (1) can be solved by substitution of LT. Schott (1979) has demonstrated that this technique is quite workable for removing atmospheric effects in the 8 -14 pm spectral region.
In particular, blind fold tests conducted over several days yielded standard errors of 0.4 °C when predicted temperatures were compared with observed kinetic temperature values.
Because of this demonstrated accuracy, Schott's multiple altitude technique for computing atmospheric transmission and path radiance will be used as the standard for evaluating the values obtained by LOWTRAN. The values of a workable modeling technique are twofold. First, the added cost of flying at multiple altitudes could be eliminated and second, there would be no need of underflights to quantitatively process satellite data.
*approximation valid for large T, i.e. for atmospheric windows and short path lengths. By observing an object's radiance at each of several altitudes, a plot of radiance vs altitude can be generated as shown in figure 3 .
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The value of L . (0, 0) can be found by extrapolating from the plot of figure 3 to zero altitude.
By r e^p e a t i n g this procedure for objects of differing radiance, it is possible to establish a data set consisting of radiance observed at the sensor altitude L(h,0) and radiance at the surface L(0,0). Linear regression of L.(0,0) on L t (h,0) yields a slope equal to the atmospheric transmission over the band pass sensed and an intercept equal to the path radiance L (h,0).
The radiance from the surface for any view angle can then be computed since
It is also possible to compute the value of L if an object such as water whose angular emissivity is known viewed at two angles.
If this same object is viewed at two distinct angles then equation (1) can be solved by substitution of L . Schott (1979) has demonstrated that this technique is quite workable for removing atmospheric effects in the 8-14 ym spectral region.
In particular, blind fold tests conducted over several days yielded standard errors of 0.4°C when predicted temperatures were compared with observed kinetic temperature values.
Because of this demonstrated accuracy, Schott's multiple altitude technique for computing atmospheric transmission and path radiance will be used as the standard for evaluating the values obtained by LOWTRAN. The values of a workable modeling technique are twofold.
First, the added cost of flying at multiple altitudes could be eliminated and second, there would be no need of underflights to quantitatively process satellite data.
*approximation valid for large T, i.e. for atmospheric windows and short path lengths. This approach has been demonstrated in a relative sense by comparison to the multiple altitude approach.
Because the multiple view angle approach is less proven we will concentrate our analysis on the thoroughly demonstrated multiple altitude approach. Our objective at this point is to evaluate how well the LOWTRAN atmospheric propagation model matched the tested empirical method. These data would be used as input to a longer term goal of eliminating the need for the empirical procedures whenever atmospheric sounding data were available for calibrating the model.
Experimental Approach
Multialtitude data over the same targets were available for several sites in the vicinity of Buffalo, New York.
In addition atmospheric sounding data were available from the Buffalo airport from radiosondes which are released twice a day.
The aircraft data were in the form of 70mm image transparencies obtained at altitudes typically ranging from 0.3 to 2 km, ASL.
The data collection system, including the film processing, had a system NEAT of about 0.3k.
The aircraft data collected on 5/22/78 over Rochester were analyzed for altitudes ranging from 0.37 to 2.44 km ASL.
The image density values from several targets to each altitude were converted to apparent temperature and from there to radiance values [L,(h,0)].
These radiance values were then extrapolated to the surface This yielded a total of eight points where transmission and path radiance were compared between multialtitude empirical approach and the LOWTRAN model.
These data are summarized in Table 2 . On both dates studied, we observed a consistent trend in which the LOWTRAN model over estimated the transmittance at a given altitude while under estimating the atmospheric path radiance (See figure 4) .
The differences between the LOWTRAN model's transmittances and path radiances and the empirical values derived from the over flight data tend to decrease with altitude (i.e. decrease with atmospheric path length). The tendency of the 51 We should point out that Schott et. al.(1983) have recently demonstrated a technique for empirical measurement of atmospheric transmission and path radiance that does not require multiple altitude imaging.
This technique, involves repeatedly viewing several surfaces of varying radiance at two significantly different view angles (eg. vertically and at 45°).
This approach utilizes only radiance values obtained at the sensor altitude.
It does, however, require multiple views of the target which may not be readily available.
This approach has been demonstrated in a relative sense by comparison to the multiple altitude approach.
Because the multiple view angle approach is less proven we will concentrate our analysis on the thoroughly demonstrated multiple altitude approach. Our objective at this point is to evaluate how well the LOUTRAN atmospheric propagation model matched the tested empirical method.
These data would be used as input to a longer term goal of eliminating the need for the empirical procedures whenever atmospheric sounding data were available for calibrating the model.
Mult ialt itude data over the same targets were available for several sites in the vicinity of Buffalo, New York.
The image density values from several targets to each altitude were converted to apparent temperature and from there to radiance values [L.(h,0)].
These radiance values were then extrapolated to the surface radiance for each target [L.(0,0)].
The atmospheric transmittance and path radiance were then computed for the altitudes sampled by the aircraft. This yielded a total of eight points where transmission and path radiance were compared between multialtitude empirical approach and the LOWTRAN model.
These data are summarized in Table 2 . 
Conclus ions
On both dates studied, we observed a consistent trend in which the LOWTRAN model over estimated the transmittance at a given altitude while under estimating the atmospheric path radiance (See figure 4) .
The differences between the LOWTRAN model's transmittances and path radiances and the empirical values derived from the over flight data tend to decrease with altitude (i.e. decrease with atmospheric path length).
The tendency of the LOWTRAN model to underestimate atmospheric path radiance under certain conditions has been observed by Ben -Shalom et. al. (1980) . The data presented here is a limited portion of an on going effort which is attempting to study the phenomenon illustrated here under a larger variety of atmospheric conditions.
In conclusion, our data indicates that under relatively ordinary atmospheric conditions, LOWTRAN derived transmittance and path radiance values in the 8-14ym spectral region tend to underestimate the atmospheric path radiance and overestimate the atmospheric transmittance as compared to empirical measurements.
